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Abstract
Macrofossil calcite is of great importance for quantitative reconstructions of palaeoenvironment and palaeoseasonality. 
The calcite rostra of belemnites, Jurassic to Cretaceous marine invertebrates, are especially suited for such investigations, 
because they are comparatively large and are structured by growth bands. Despite their use in chemostratigraphic and 
palaeoenvironmental studies, much of the internal variability of geochemical signatures in rostra is poorly understood.
Here, multiple profiles through a belemnite rostrum of Passaloteuthis bisulcata (~183 Myr old) were analyzed for δ13C 
and δ18O values as well as Mg/Ca, Sr/Ca and Mn/Ca ratios. Geochemical signatures of the central 1-2 mm of the profiles 
indicate diagenetic cementation along the apical zone, for which original porosity of up to 40 % can be inferred. The over-
all δ13C and δ18O values of the other, well preserved parts of the belemnite fluctuate by > 1 per mil, but are nearly uniform 
within single growth bands. In contrast, Sr/Ca and Mg/Ca in the well-preserved parts show growth-rate and crystal-shape 
related variability. Close to the central apical zone, strongly bent calcite crystals are enriched in Mg (up to 70 %) and 
Sr (up to 50 %). Through the remainder of the rostrum, higher calcite precipitation rate can account for Mg depletion 
of ~15 % and Sr enrichment of ~15 % with respect to co-genetic calcite precipitated at a slower rate. No indication for 
temperature control on Mg/Ca or Sr/Ca is detected in the investigated specimen. Overall, the new findings indicate that 
δ13C and δ18O analyses of belemnite rostra produce consistent results regardless of the sampling area within the rostrum, 
and that growth rate effects on element incorporation are minor with respect to the control exerted by secular changes in 
seawater composition through time. Additionally, the central part of the rostrum, where strong calcite crystal bending is 
observed, should be avoided for sampling when studying elemental composition of the calcite for palaeoenvironmental 
reconstructions.
1 IntroductIon
Belemnite fossils have played a key role ever since 
fossil calcite was first identified as a promising archive 
for  geochemical studies of past environmental condi-
tions (e.g. urey et al., 1951; Stevens and clayton, 
1971; Sælen et al., 1996; McArthur et al., 2000, 2007; 
Bailey et al., 2003; rosales et al., 2004a; Wierzbowski 
and Joachimski, 2007; Price and rogov, 2009; nunn 
and Price, 2010; Wierzbowski and rogov, 2011; Za-
kharov et al., 2011; Price and Passey, 2013; ullmann 
et al., 2013a,b, 2014). The belemnite rostrum has been 
extensively investigated and is thought to be composed 
originally of calcite containing variable amounts of or-
ganic matter (Sælen, 1989; Fuchs, 2012). Detailed in-
vestigation of the growth bands within belemnite rostra, 
as well as comparisons to modern analogues suggest a 
belemnite life cycle of a few years at maximum (rexfort 
and Mutterlose, 2006; Wierzbowski and Joachimski, 
2009; Wierzbowski, 2013); thus seasonal changes in en-
vironmental parameters can be recorded in the calcite. 
High resolution studies of single rostra have been con-
ducted to derive information about seasonal temperature 
variability (urey et al., 1951; Longinelli, 1969; Stevens 
and clayton, 1971; Zakharov et al., 2011).
The variability of all geochemical proxies in the 
rostrum leads to considerable data spread within che-
mostratigraphic records derived from belemnite fossils 
(McArthur et al., 2000; Bailey et al., 2003; Price and 
rogov, 2009; dera et al., 2011; ullmann et al., 2013b, 
2014). The causes for this heterogeneity are not very 
well constrained but are of much importance for better 
understanding past environments. Besides diagenesis, 
environmental parameters such as seawater composition 
and temperature, metabolic and taxon-specific effects, 
as well as calcite precipitation rate, might play variably 
important roles in determining how each geochemical 
proxy is represented within rostra. Potential contribu-
tions of these parameters have been explored in a series 
of studies (rosales et al., 2004b; dutton et al., 2007; 
McArthur et al., 2007; Wierzbowski and Joachimski, 
2009; Li et al., 2012, 2013), occasionally combining iso-
topic and elemental proxies. Comprehensive datasets for 
multiple, complete profiles through belemnite rostra are, 
however, lacking.
Here we report high resolution δ13C and δ18O data as 
well as Mg/Ca, Sr/Ca, and Mn/Ca ratios for four com-
parable and complete transects through a single rostrum 
of Passaloteuthis bisulcata (Early Toarcian, Yorkshire, 
UK). The analytical results are discussed in terms of ro-
bustness of geochemical proxies within a rostrum and the 
extent to which crystal morphology and calcite precipita-
tion rate can affect skeletal chemistry.
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2 MAterIALS And MethodS
2.1 Belemnite specimen
A rostrum of Passaloteuthis bisulcata (Blainville), 
collected at Hawsker Bottoms (Yorkshire, UK), has been 
analysed in the present study (Fig. 1,2). This specimen 
was chosen, because it originates from a lithologically, 
biostratigraphically, and chemostratigraphically well-
studied succession, stems from a time interval of relative 
environmental stability and was found in almost com-
plete state, allowing for determination to species level. 
The sample originates from the Grey Shale Member, 67 
cm above the base of the Dactylioceras tenuicostatum 
Subzone of the Dactylioceras tenuicostatum Zone, Early 
Toarcian, Jurassic (hesselbo and Jenkyns, 1995). Con-
tinuous microsampling was undertaken via four transects 
through the rostrum using a handheld drill (Fig. 3a,d). 
The transects were positioned from close to the proto-
conch (profile one) towards the apex (profiles two to four) 
and were oriented slightly oblique to the ventral-dorsal 
axis to avoid sampling cracks which might be associated 
with diagenetic alteration (Fig 3a,b, 4). The placement 
of the profiles was chosen to sample the same number of 
growth increments on the ventral and dorsal side multi-
ple times with different increment thicknesses (Fig. 3c). 
Average spatial resolution along these profiles is ~0.11 
mm per sample. Profiles two to four yield consecutively 
fewer growth bands, and the growth bands present be-
come thicker towards the apex due to the geometry of the 
belemnite rostrum (Fig. 3a,c). In order to ascertain dia-
genetic effects on the geochemical signatures in the be-
lemnite rostrum, alveolar calcite cement was chosen for 
analysis (see Sælen et al., 1996 for a similar approach). 
The alveolus of the specimen selected for detailed geo-
chemical analysis was filled with silty sediment rather 
than pure calcite. Therefore, analytical results from this 
specimen of P. bisulcata are compared to isotope and el-
ement measurements of 23 calcite cement samples from 
the alveolar area of another specimen of Passaloteuthis 
sp. originating from 44 cm lower in the same succes-
sion.
2.2 Analytical methods
The rostrum was sawn into slabs of ~4 mm thickness 
oriented perpendicular to the apical line. These slabs 
were fixed on glass plates using epoxy resin. After cur-
ing of the resin, the slabs were lapped down to ~3.5 mm 
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Fig. 1: A: Palaeogeography of Europe during the Early Jurassic (modified from coward et al., 2003) with star indicating sample locality. B: Simpli-
fied lithology and belemnite chemostratigraphy of the Early Toarcian in the Cleveland Basin. The box plots show results obtained for the specimen 
investigated in the present study. The box encompasses the second and third quartile with the median as black line and the whiskers show the ranges 
from the 2.5 to 97.5 percentile (n = 324). Chemostratigraphic data are from Sælen et al. (1996), McArthur et al. (2000), Li et al. (2012) and ullmann 
et al. (2014).
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Fig. 2: Specimen of Passaloteuthis bisulcata investigated in this study. 
Locations of sampled profiles are indicated as dark bands and associ-
ated thick sections taken for cathodoluminescence analyses and photo-
graphs as pale bands.
Fig. 3: a) Schematized lateral section of Passaloteuthis with terminol-
ogy of the structural features. The numbered lines indicate approximate 
position of the profiles analyzed. b) Schematized cross section of Pas-
saloteuthis indicating the approximate position of transects analyzed. c) 
Relative thickness of increments within the rostrum. The increments on 
the ventral side are narrower than those of the dorsal side due to asym-
metry of the rostrum. Towards the apex of the rostrum, progressively 
more growth bands representing early growth stages of the belemnite 
are missing. Due to the morphology of the rostrum growth bands are 
relatively thickest at the apical line and apex. d) Sampling of the belem-
nite profiles. The belemnite samples were taken via progressive drilling 
starting from the ventral margin of each section.
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thickness and hand-polished using 400 and 1000 mesh 
silicon carbide powder and 1200-4000 mesh sandpaper. 
Calcite samples of ~0.6 mg were drilled out of the calcite 
slabs and transferred into 3.5 ml glass vials for analysis 
of δ13C and δ18O values. The transects through the fossil 
material were prepared such that the lower ~0.5 mm of 
the section remained intact. After completion of the sam-
pling for geochemical analyses, the calcite slabs were 
lapped down to ~500 µm thickness and polished for later 
microscopic and cathodoluminescence inspection (Fig. 
4). Cold-cathode luminescence petrography was carried 
out using a Citl Mk-3a electron source at the University 
of Exter Camborne School of Mines, operated at approxi-
mately 350 μA and 10 kV, and observed using a Nikon 
digital camera at a spatial resolution of ~1.5 μm per pixel 
and with a 4 second exposure time.
Carbon and oxygen isotope ratios were measured us-
ing an IsoPrime Gas Source Isotope Ratio Mass Spec-
trometer at the University of Copenhagen. Analytical 
procedures for stable isotope analyses are the same as 
described in ullmann et al. (2013a), adopting routines 
for continuous flow measurements following Spötl and 
Vennemann (2003) with some modifications owing to 
laboratory infrastructure. Accuracy of the analyses was 
controlled by multiple measurements of NIST SRMs 
8543 and 8544. The Copenhagen in-house reference 
material LEO (Carrara Marble: δ13C = +1.96 ‰; δ18O = 
-1.93 ‰) reproduced within 0.10 ‰ for δ13C and 0.15 ‰ 
for δ18O (2 sd, n = 102) during the course of the measure-
ments.
Phosphoric acid solutions of samples remaining after 
stable isotope analyses were further processed for meas-
urements of element/Ca ratios (coleman et al., 1989). 
Analytical details are given in the Supplementary Infor-
mation of ullmann et al. (2014). Briefly, samples were 
diluted to a nominal Ca concentration of 25 µg/g and 
measured against a set of matrix matched calibration so-
lutions using an Optima 7000 DV ICP-OES at University 
of Copenhagen. Measurement repeatability was assessed 
by multiple measurements of the limestone reference ma-
terial JLs-1 (Imai et al., 1996), yielding a Mg/Ca ratio 
of 14.0 ± 0.3 mmol/mol, a Sr/Ca ratio of 0.343 ± 0.007 
mmol/mol and Mn/Ca ratio of 0.03 ± 0.03 mmol/mol (2 
sd, n = 68). Reproducibility of Mn/Ca ratios at low Mn 
concentrations was limited due to transient memory ef-
fects on the ICP-OES. Analytical uncertainty is estimated 
to be around ± 0.03 mmol/mol for the whole range of 
Mn/Ca ratios observed in the fossil specimens and about 
3 % for the higher values measured in the calcite cement 
(ullmann et al., 2013a). Reproducibility (2 rsd) of Mg/
Ca ratios and Sr/Ca ratios calculated from multiple meas-
urements of JLs-1 is 2.1 % and 1.9 %, respectively.
3 reSuLtS
3.1 Belemnite structure and texture
The belemnite slabs are generally pale brown in col-
our and translucent, with some growth bands standing 
out as darker or paler bands (Fig. 4). The apical line is 
displaced from the geometrical centre of the sections to-
wards the ventral side, making the dorsal region slightly 
thicker than the ventral region (Fig. 3a,b). The central ~2 
mm of each slab are visibly darker than the surrounding 
(Fig. 4). Each slab shows multiple fractures that all meet 
at the apical line. Under cathodal excitation, most of the 
calcite of the rostrum is characterized by blue ‘intrin-
sic’ luminescence, and a multitude of growth bands that 
show dull violet to orange luminescence (Fig. 4). Rims, 
fractures and the central apical zone instead show bright 
orange to yellow luminescence. The two well-developed 
dorso-lateral grooves characteristic of Passaloteuthis 
(doyle, 1990) are visible as depressions in the central 
growth bands especially in the cathodoluminescence im-
age of profile 2 (Fig. 4b). In the three sections closest to 
the protoconch (Fig. 3a, 4), fractures run through both 
traces of the grooves, whereas in the section closest to the 
apex only one such fracture is observed. A small fraction 
of the right dorsal region of the rostrum is missing in all 
sections (Fig. 4) either due to physical abrasion or chemi-
cal corrosion during exposure on the wave-cut platform 
of the outcropping succession.
3.2 Geochemical results of transects
All four geochemical profiles are nearly symmetrical 
3
Fig. 4: Cathodoluminescence images (left) and photographs (right) of 
sections analyzed in this study. A: Profile one; B: Profile two; C: Pro-
file three; D: Profile four. The cathodoluminescence images and photo-
graphs were taken after sampling for geochemical proxies and lapping 
the slabs down to ~500 µm thickness. Small damages at the lower left 
rim (A-C and in the central upper part of C were induced during the 
sampling).
about the apical line, showing systematic fluctuations of 
the measured parameters (Fig. 5, Appendix 1). In gen-
eral, δ13C values range from +0.4 to +3.3 ‰ and δ18O val-
ues from -2.7 to -0.3 ‰, but parallel decreases to as low 
as -2.3 in δ13C and -5.8 ‰ in  δ18O, are observed at the 
apical line. Minimum Mg/Ca ratios in the four profiles 
are similar and between 6.8 to 7.3 mmol/mol. Maximum 
Mg/Ca ratios, which occur near the apical line, however, 
increase from profile one (11.8 mmol/mol) to profile four 
(18.1 mmol/mol). At the apical line, inconsistent behav-
iour of Mg, trending downwards in profiles one and four, 
upwards in profile two and remaining stable in profile 
three, is noted. Both, minimum Sr/Ca ratios (1.27-1.54 
mmol/mol) and maximum Sr/Ca ratios (1.86-2.20 mmol/
mol) increase from profile one to profile four. In all four 
cases, Sr/Ca ratios drop significantly at the apical line, 
but the magnitude of the decrease diminishes from pro-
file one towards profile four from ~0.6 mmol/mol to 0.3 
mmol/mol (Fig. 5). Mn/Ca ratios in all four profiles show 
a peak at the apical line and a secondary enrichment at the 
ventral margin. Maximum Mn/Ca ratios are significantly 
higher in the first two profiles (0.73 and 0.83 mmol/mol) 
compared to profiles three and four (0.47 and 0.43 mmol/
mol). In profile four an additional slight Mn enrichment 
in the dorsal part reaching 0.11 mmol/mol at most is ob-
served (Fig. 5).
The systematic fluctuations of carbon isotope ratios 
in profile one allow for the allocation of a series of iso-
topic spikes that can be seen on either side of the apical 
line. From the inner growth bands to the margins a set 
of five negative and five positive carbon isotope spikes 
is indicated (Fig. 5). Carbon isotope spike V+ is miss-
ing on the dorsal part of the profile due to the abrasion 
of the marginal part of the rostrum. In the profiles two 
to four, more and more carbon isotope spikes of the in-
ner growth bands are missing (representing the earlier 
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Fig. 5: Geochemical results for the four profiles through the specimen of Passaloteuthis bisulcata. Approximate positions of the profiles are indicated 
in Fig. 3a. Spikes in the carbon isotope profiles in profile one are labelled from the earlier growth stages to the later growth stages and correlated to the 
other three profiles. The maximum accepted Mn/Ca ratio for well-preserved sample material of 0.05 mmol/mol is plotted as stippled line. Grey vertical 
bands mark parts of the profiles that are considered affected by alteration. 2 sd uncertainties for element ratios scale with the measured value and are 
here shown for the respective maximum measured ratios.
growth stages of the belemnite, Fig. 3a). Profile two 
lacks carbon isotope spikes I- and I+; profile three ad-
ditionally lacks II- and in profile four only the outermost 
three carbon isotope spikes are recognized. The spacing 
between the carbon isotope spikes gradually increases 
from profile one towards profile four. Similar features 
can be observed for the other geochemical tracers, apart 
from Mn/Ca, whose significant enrichment is restricted 
to the central ~1.5 mm of each profile.
Isotope ratios of the diagenetic calcite cement span 
a narrow field from -10.1 to -8.9 ‰ with a median of 
-9.9 ‰ in the case of carbon, and -14.8 to -12.6 ‰ with 
a median of -14.5 ‰ in the case of oxygen (Fig. 6). The 
Mg/Ca ratios range from 13.4 to 22.0 mmol/mol with a 
median of 19.9 mmol/mol and Sr/Ca from 1.11 to 1.61 
mmol/mol with a median of 1.45 mmol/mol. The Mn/Ca 
ratios are relatively uniform and fall into the interval of 
4.07 to 4.62 mmol/mol with a median of 4.38 mmol/mol. 
Heaviest δ18O values in the cement are associated with 
lowest Mg/Ca and Sr/Ca ratios as well as highest δ13C 
values and Mn/Ca ratios (Fig. 6).
4 dIScuSSIon
4.1 diagenetic alteration
Diagenesis can erase the palaeoenvironmental infor-
mation from macrofossil shells (see ullmann and Ko-
rte, 2015 for a recent review). Samples must therefore 
be assessed for diagenesis when using geochemistry for 
palaeoclimatic and/or palaeoecological reconstruction. 
Qualitative geochemical trends of alteration are well es-
tablished (Brand and Veizer, 1980, 1981; Al-Aasm and 
Veizer, 1986a,b), predicting bright orange luminescence 
under cathodic excitation, decreasing δ13C, δ18O and Sr/
Ca, and increasing Mn/Ca with progressive alteration. 
Isotopic ratios are most often the target of environmental 
interpretation. It is therefore difficult to use δ18O and δ13C 
independently for identifying altered samples. A routine 
application of Sr/Ca ratios for detecting diagenetic im-
prints in biogenic calcite is also problematic because the 
original composition of the fossil is taxon specific, and 
can be variable within single fossils, and through geo-
logical time (Korte and hesselbo, 2011; Li et al., 2012; 
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ullmann et al., 2013b; ullmann and Korte, 2015). 
The Mn/Ca ratio is the most widely employed alteration 
maker because Mn levels in primary shell material are 
usually very low, while diagenesis leads to Mn enrich-
ment (Veizer, 1974; Brand and Veizer, 1980; Al-Aasm 
and Veizer, 1986a). Most of the profiled sections show 
intrinsic luminosity and dull luminescent growth bands 
and the luminescence of these growth bands is most like-
ly related to the presence of traces of Mn (e.g. Machel, 
1985; Barbin, 2000; Benito and reolid, 2012). These 
enrichments, if related to diagenetic effects on the calcite 
of the rostrum,  are too small to cause any measurable 
difference to the analyzed geochemical proxies:  a Mn/
Ca ratio of 0.05 mmol/mol corresponds to the Mn level at 
which diagenetic effects on oxygen isotopes reach a mag-
nitude equal to analytical reproducibility, assuming that 
the geochemical signatures of the calcite cement are rep-
resentative of the diagenetic signal. We therefore adopt 
this Mn/Ca ratio for the maximum acceptable degree of 
alteration. Variable critical upper limits of Mn/Ca for 
acceptable degree of alteration are employed (Bailey et 
al., 2003; nunn and Price, 2010; Korte and hesselbo, 
2011; ullmann et al., 2013a,b, 2014; ullmann and Ko-
rte, 2015), owing to variable physicochemical conditions 
during alteration (ullmann et al., 2013a). The value of 
0.05 mmol/mol adopted here falls in the lower end of ap-
plied limits (see table 1 in ullmann and Korte, 2015). 
The elemental and isotopic data of 12 samples from the 
dorsal side of profile four that exceed this Mn limit were 
considered in the following discussion because they do 
not show significant offset from those data derived for 
the ventral side of this profile where Mn/Ca ratios are 
consistently lower than 0.05 mmol/mol.
The margins and apical zone of all sections show 
bright orange to yellow luminescence (Fig. 4), indicat-
ing that here diagenetic overprint is significant. Samples 
that are excluded on the basis of elevated Mn/Ca ratios 
are located in the same regions; the central 1.4 to 1.8 mm 
around the apical line, and six samples originating from 
the ventral margin of the specimen. Preferential altera-
tion is described for areas around the apical line and the 
rim (Podlaha et al., 1998; McArthur et al., 2000, 2007; 
ullmann et al., 2013a) suggesting that our observations 
are representative for belemnite rostra in general. The 
δ13C and δ18O values in the central parts of the profiles 
are strongly positively correlated (r2 of 0.95 to 0.99) 
and trend towards a composition compatible with the 
calcite cement (Fig. 7). With respect to isotopic compo-
sition, these diagenetically altered areas of the rostrum 
can therefore be described by a binary mixing between 
the calcite cement and primary shell calcite. Such a sim-
ple relationship is best explained by variable degrees of 
cementation of an originally partially porous apical line 
(see also Veizer, 1974; Spaeth, 1975). Were the calcite 
additionally affected by dissolution and re-precipitation 
phenomena, more variability of the isotope data would 
be expected. Assuming the median δ13C value of -9.95 ‰ 
as representative for the calcite cement and the respective 
most positive δ13C adjacent to each diagenetically altered 
section as the end member composition for the primary 
shell material (+1.1 to +2.9 ‰ depending on the profile; 
see Fig. 5), degrees of cementation can be computed. The 
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Fig. 6: Geochemical data for calcite cement in alveolar infill of the frag-
ment of Passaloteuthis sp. sampled 44 cm below the specimen analyzed 
in this study. Most of the data cluster at low δ18O values.
respective maximum degrees of cementation are 41 % 
for profile one, 40 % for profile two, 28 % for profile 
three and 24 % for profile four. These findings suggest 
that the apical zone of rostra of P. bisulcata was origi-
nally slightly porous, with a maximum porosity of ~40 % 
at the apical line close to the protoconch. No indication 
for such porosity further than ~0.9 mm away from the 
apical line is observed, indicating that in the later growth 
stage, precipitates were originally massive calcite. In the 
central area of the profiles, Sr/Ca ratios and Mn/Ca ratios 
also display strong linear correlations with δ18O values 
in most cases, but correlation coefficients are generally 
lower and extrapolations of the linear trends are not al-
ways compatible with the composition of the calcite ce-
ment. These findings imply that the diagenetic response 
of trace elements is more complicated, e.g. due to locally 
variable supply of Mn to the diagenetic fluid (ullmann 
et al., 2013a) and calcite precipitation rate (rimstidt et 
al., 1998; dePaolo, 2011).
4.2 reproducibility of geochemical proxies within 
belemnite rostra
If growth bands constitute original features of biomin-
eralization and the primary signatures of the rostrum are 
preserved, the geochemical proxies within each profile 
should show the same trends in the ventral and the dor-
sal side of the rostrum. To test this hypothesis, the dorsal 
and the ventral side were superimposed for all profiles. 
For each profile a diameter of the original profile, includ-
ing the missing dorsal margin, was assumed (table 1). 
The absolute position of each sample point on the profile 
was subsequently normalized such that the margin was 
assigned the value one and the apical line the value zero 
(Fig. 8). It can be assumed that between 4 and 12 % of the 
dorsal part of the profiles is missing, and that towards the 
apex of the rostrum preservation is progressively more 
complete. Superposition of the two half-profiles shows 
an excellent fit of the geochemical signatures, evidencing 
a very good preservation of the material and robustness 
of the data within the section (Fig. 8).
It is of interest to assess, whether the geochemical 
proxies of each growth band give comparable results 
throughout the entire belemnite rostrum. In order to al-
low for the comparison of the four profiles, age models 
for the individual transects have to be constructed. As 
shown in Figure 3c, the thickness of each growth incre-
ment is greater on the dorsal side than on the ventral side 
due to the slightly asymmetric growth of the rostrum. 
Furthermore, more and more growth bands represent-
ing the younger life stages of the belemnite are missing 
the further away from the protoconch the profile is laid. 
Lastly, again due to the geometry of the growth bands, 
increments decrease in thickness away from the apex, 
with the growth bands representing the earliest life stage 
being the most expanded (Fig. 3a,c, 9). While the asym-
metry of the ventral versus dorsal side was accounted for 
when normalizing and superposing both halves of each 
profile, the progressive loss of growth bands and non-
linear expansion have to be addressed. The cathodolu-
minescence images of the associated sections can help 
to correlate the geochemical signatures of the profiles. 
While these images were of necessity taken slightly off-
set from the geochemical profiles (Fig. 2), they enable 
construction of a mathematical model for the geometry 
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profile 
number
diameter position of 
center
c1 c2
mm mm
1 12.7 5.60
2 12.0 5.75 0.33 1.11
3 11.2 5.30 0.48 0.70
4 9.4 4.50 0.70 0.34
Table 1: Geometry of the profiles and empirical parameters used for 
superposition of geochemical data.
δ13C
δ18O
Sr/Ca
Mg/Ca
0 0.2 0.4 0.6 0.8 1.0
normalized distance
0 0.2 0.4 0.6 0.8 1.0
normalized distance
1
2
3
4
-6
-4
-2
0
2
4
δ1
3 C
, δ
18
O
 ‰
 P
D
B
0
4
8
12
16
20
M
g/
C
a 
m
m
ol
/m
ol
0
0.4
0.8
1.2
1.6
2.0
S
r/
C
a 
m
m
ol
/m
ol
-6
-4
-2
0
2
4
δ1
3 C
, δ
18
O
 ‰
 P
D
B
0
4
8
12
16
20
M
g/
C
a 
m
m
ol
/m
ol
0
0.4
0.8
1.2
1.6
2.0
S
r/
C
a 
m
m
ol
/m
ol
-6
-4
-2
0
2
4
δ1
3 C
, δ
18
O
 ‰
 P
D
B
0
4
8
12
16
20
M
g/
C
a 
m
m
ol
/m
ol
0
0.4
0.8
1.2
1.6
2.0
S
r/
C
a 
m
m
ol
/m
ol
-6
-4
-2
0
2
4
δ1
3 C
, δ
18
O
 ‰
 P
D
B
0
4
8
12
16
20
M
g/
C
a 
m
m
ol
/m
ol
0
0.4
0.8
1.2
1.6
2.0
S
r/
C
a 
m
m
ol
/m
ol
Fig. 8: Superposition of ventral (darker) and dorsal (paler) parts of the 
four geochemical profiles. The x-axes are normalized such that the api-
cal line has the value of zero and the margin the value of one.
of the growth bands and yield approximate values for 
matching the profiles (Fig. 9). Band-by-band correlation 
of the cathodoluminescence images (Fig. 9a) can be used 
to plot the relative position of each growth band in the 
profiles (Fig. 9b). This cross plot of the normalized posi-
tion of the growth bands in profile versus the other pro-
files shows a relationship that can best be approximated 
by an exponential function of the form:
fcorr = c1 * exp(c2 * fnorm)
with fcorr as the corrected normalized position of each 
sample; c1 as the y-axis intercept in Fig. 9b predicting 
the fraction of the profile missing from profiles two to 
four (0: the section is as complete as profile one; 1: none 
of the growth bands from profile one is present); c2 scal-
ing the curvature of the calibration function; fnorm as 
the normalized position of the sample as shown in Fig. 
8. Empirically fitted values for c1 and c2 are shown in 
table 1 and closely match the values predicted from the 
slightly offset cathodoluminescence slides. Deviations 
are towards lower values of c1 because the analyzed pro-
files are further away from the apex than the respective 
cathodoluminescence image and thus comprise a more 
complete set of growth bands (Fig. 2, 3). Deviations in-
crease from profile two to profile four due to the increas-
ing curvature of the specimen towards the apex (Fig. 2, 
3).  
The superposition of the four profiles excluding the 
part identified as altered is shown in Figure 10, with all 
analytical results on the left side and binned in 2.5 % 
steps on the right side. A very good agreement of the four 
profiles is seen for carbon and oxygen isotope ratios, with 
discrepancies generally below 0.5 ‰. For Mg/Ca and Sr/
Ca, the profiles show the same patterns towards the mar-
gin of the rostrum, but deviate significantly in absolute 
values. A strong increase of both, Mg/Ca and Sr/Ca to-
wards the apical line is seen in all four profiles, affecting 
circa the central 4 mm of each profile. These increases 
amount to a maximum of ca. 70 % for Mg/Ca in profile 
four over the reference value from profile one and to 50 
% for Sr/Ca, also in profile four. Furthermore, a relative 
decrease of Mg/Ca ratios within a given growth incre-
ment is observed from profile one towards profile four, 
whereas the opposite is seen for Sr/Ca (Fig. 10). These 
offsets are smaller than the increases towards the centre 
of the rostrum and amount to ca. 15 % lower Mg/Ca and 
15 % higher Sr/Ca in profile four than in profile one.
4.3 Structural interpretation
Because the same growth bands are transected up to 
eight times by the four profiles, effects of calcite struc-
ture and precipitation rate can be addressed. The belem-
nite rostrum is thought to be constructed from calcite 
crystals that originate from the apical line and grow per-
pendicular to the growth bands (Sælen, 1989; richter et 
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Fig. 9: A: Cathodoluminescence images corresponding to the geochem-
ical profiles. The outermost luminescent bands can be traced and cor-
related through all four profiles, whereas more and more of the central 
bands are missing towards profile four. B: Cross plot of the normalized 
position of the growth bands correlated from A in profile one versus the 
other profiles (black circles: profile two; dark grey circles: profile 3; 
light grey circles: profile 4). 0 corresponds to the apical line and 1 to the 
rim. Numerical values and correlation coefficients for exponential trend 
lines are given as y1 (profile 2), y2 (profile 3),y3 (profile 4).
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Fig. 10: Superposition of the well-preserved parts of the four geochemi-
cal profiles (profile one darkest; profile four palest colours). Sample 
positions within profiles two to four are corrected for changes in growth 
increment thickness and missing growth bands towards the apical line. 
Left side: all data; right side: data for each profile binned in 0.025 inter-
vals of normalized distance.
al., 2011; Benito and reolid, 2012). In P. bisulcata the 
calcite crystal surfaces are almost parallel to the apical 
line in the centre of the rostrum due to the rounded shape 
of the growth bands and then gradually bend towards a 
direction almost perpendicular to the apical line over the 
course of a few millimetres (Fig. 11, 12; see also Fig. 
3a in Benito and reolid (2012)). It is the zone where 
the crystal surfaces significantly change orientation that 
a strong enrichment of Mg and Sr in the calcite is ob-
served in all four profiles. A similar pattern of Sr and Mg 
enrichment towards the apical line can be deduced from 
data obtained for Acrocoelites subtenuis in McArthur et 
al. (2007) and for Cylindroteuthis puzosiana in Li et al. 
(2013). We therefore interpret these strong element en-
richments that are likely related to the distortions of the 
calcite crystals close to the apical line to be a common 
feature in belemnite rostra.
Further away from the apical line, other controls on 
the element proxies seem to prevail, as is evident from 
the parallel trends observed in all four profiles. Offsets 
of Mg/Ca and Sr/Ca between the four profiles are here 
not in the same direction as close to the apical line, but 
show opposing signs and are also less dramatic. The most 
prominent difference between the four profiles is the rate 
at which coeval calcite formation took place, with the 
relatively lowest rate encountered at profile one close to 
the protoconch, and the highest rate at profile four closest 
to the apex. The most likely effect generating the offset 
between the Sr/Ca and Mg/Ca profiles is therefore the 
calcite precipitation rate, with higher calcification rates 
leading to the incorporation of more Sr and less Mg than 
in the reference profile closest to the protoconch (Fig. 
10). Relative changes in the distribution coefficients of 
Mg and Sr compatible with our observations have theo-
retical and experimental foundation: increases in Sr con-
centration due to higher calcite precipitation rate is com-
patible with geochemical models and experimental data 
(Morse and Bender, 1990; dePaolo, 2011; Gabitov et 
al., 2014), whereas for Mg, indication for the inverse has 
been found recently (Gabitov et al., 2014). 
The general trace element patterns within each profile, 
excluding the part of the section which is influenced by 
calcite distortion, is such that Mg/Ca and Sr/Ca fluctua-
tions are broadly parallel and more pronounced in Mg/Ca 
than in Sr/Ca. The overall range of Mg/Ca ratios in these 
parts of the profiles is from 6.8 to 11.3 mmol/mol (66 % 
variability), whereas that for Sr/Ca is from 1.39 to 1.72 
mmol/mol (24 % variability). The dissimilar magnitude 
of variability between the two proxies and the parallel 
nature of their fluctuations rule out that lattice distortions 
or calcite formation rate are the driving processes defin-
ing their variability. The degree of variability especially 
of the Mg/Ca ratios further rules out that changes in am-
bient water composition can account for the observed 
ontogenetic trends. These considerations leave metabolic 
effects on element ratios in the mineralizing fluid as the 
most likely source for the documented data variability.
4.4 Fidelity of geochemical signatures
While the geochemical trends documented in the 
present study strictly only apply to a single belemnite 
specimen, some general conclusions for the interpreta-
tion of geochemical proxies from rostral calcite can be 
drawn that may be further substantiated through subse-
quent research (Fig. 12). Carbon and oxygen isotope ra-
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Fig. 11: Photomicrographs of thick sections (300-600 μm) taken un-
der cross polarized light, showing the curved calcite morphology of 
the apical zone in different belemnite rostra from the Cleveland Basin 
(Yorkshire, UK). All images show the apical line in vertical orientation 
and the apex of the rostrum towards the top. A: Unidentified Toarcian 
belemnite rostrum. Very dark bands on the right side are growth bands. 
B: apical zone of Early Toarcian Acrocoelites sp. under cross polar-
ized light. C: Unidentified Pliensbachian rostrum. D: Passaloteuthis 
sp. from the Early Toarcian Dactylioceras tenuicostatum Subzone. The 
apical line is on the left margin of the image. E: Passaloteuthis sp. from 
the earliest Toarcian Protogrammoceras paltum Subzone. The apical 
line is on the left margin of the image. F: Same specimen as E, showing 
crystal orientation perpendicular to the apical line and growth bands 
towards the margin of the rostrum. The apical line is ~5 mm to the left 
of the left margin. The patchy domains of differing extinction delineate 
crystal bundles of similar crystallographic orientation.
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tios in the four profiles show systematic fluctuations that 
agree within ~0.5 ‰ (Fig. 10), certifying the reliability 
of δ13C and δ18O records within the whole rostrum as long 
as minimally affected by diagenesis. Whether carbon and 
oxygen isotopes reflect physicochemical conditions of 
the belemnite habitat or whether vital effects are signifi-
cant for either of the isotopic proxies cannot unequivo-
cally be decided on the basis of the present data.
4.4.1 carbon isotopes
Assuming that δ13C values in the well-preserved parts 
represent the isotopic composition of dissolved inorganic 
carbon (DIC), short-term changes from +0.4 to +3.3 ‰ 
are recorded within the specimen. This range is in very 
good agreement with general observations on Early 
Toarcian specimens of the genus Passaloteuthis (Fig. 
1, ullmann et al., 2014) and may either reflect seasonal 
changes in DIC or belemnite migration through an iso-
topically heterogeneous water column. It has been noted, 
however, that δ13C values of the best available extant be-
lemnite analogue, the modern Sepia, show erratic δ13C 
signatures that cannot easily be linked to environment 
(rexfort and Mutterlose, 2006, 2009). Indeed, chemos-
tratigraphic datasets using belemnite rostra show signifi-
cant variability that may obscure isotopic excursions, un-
less abundant data are available and isotopic excursions 
are large (dera et al., 2011; Korte and hesselbo, 2011; 
ullmann et al., 2014). Nevertheless, recognition of a 
perturbation in the carbon cycle using belemnite calcite 
appears to depend mostly on abundance of data, and in 
large datasets belemnite signals are found to be compat-
ible with results for other fossil groups (Wierzbowski 
and Joachimski, 2007; Korte and hesselbo, 2011; Wi-
erzbowski and rogov, 2011). Taxonomic differences 
or ecological changes seem only to play a major role in 
belemnite δ13C records when extreme environmental per-
turbations are encountered (dera et al., 2011; ullmann 
et al., 2014).
4.4.2 oxygen isotopes
Oxygen isotope ratios in biogenic calcite are a func-
tion of the isotopic composition of ambient water, its 
temperature and potential isotopic disequilibrium effects 
during calcite formation. No clear indication for a vital 
effect on belemnite δ18O records has yet been reported 
and no significant depletions of 18O related to vital ef-
fects are observed when comparing isotopic signatures 
of Jurassic belemnites to other coeval fossils (dera et al., 
2011; Korte and hesselbo, 2011). It has been hypoth-
esized that salinity changes could have had some bearing 
on elemental and isotopic heterogeneity of belemnite ros-
tra (e.g. Veizer, 1974; McArthur et al., 2007; Li et al., 
2012, 2013). For the Grey Shale Member (Dactylioceras 
tenuicostatum Subzone; Fig. 1), fully marine conditions 
without salinity variability have been inferred (Sælen et 
al., 1996). Strong salinity stratification of the European 
seaway (Fig. 1) has rather been put forward as one of 
the possible causes for the black shale formation of the 
later Early Toarcian Oceanic Anoxic Event (Sælen et al., 
1996; van de Schootbrugge et al., 2005; McArthur et 
al., 2008). The δ18O values of well-preserved samples 
of rostral calcite are therefore here taken to be a reliable 
temperature proxy (see also urey et al., 1951; Bailey et 
al., 2003; rexfort and Mutterlose, 2006; McArthur et 
al., 2007; Wierzbowski and Joachimski, 2007, 2009; 
Zakharov et al., 2011; nunn and Price, 2010; Wierz-
bowski and rogov, 2011; Li et al., 2012, 2013; ull-
mann et al., 2014). Excluding the zone around the api-
cal line, δ18O values remain comparatively heavy around 
-1.0 to -0.5 ‰ (Fig. 10) through the bulk of the rostrum. 
This range is in accordance with the average value ob-
served for Early Toarcian specimens of the genus Pas-
saloteuthis in the Cleveland Basin, Yorkshire, UK, from 
where the specimen originates (Fig. 1; Sælen et al., 
1996; McArthur et al., 2000; Li et al., 2012; ullmann 
et al., 2014). The δ18O values in the outermost part of 
the rostrum decrease to ~ -2 ‰, indicating an increase 
in temperature recorded during that time in the life of 
the belemnite, possibly related to migration to slightly 
warmer waters. Coincident with the decreasing oxygen 
isotope ratios, δ13C values increase, which is compatible 
with migration through a water column characterized 
by cooler deep water with relative 12C enrichment in its 
DIC pool (ullmann et al., 2014). Despite the range of 
oxygen isotope values observed here being in very good 
agreement with other data for Passaloteuthis sp. from 
the Cleveland Basin (Sælen et al., 1996; ullmann et 
al., 2014), more rostra should be investigated to assess, 
whether similar isotopic profiles are observed for other 
examples of Passaloteuthis sp.
Critically, the juvenile stage of belemnite develop-
ment can hardly ever be observed in geochemical prox-
ies due to post-depositional alteration of the apical zone 
(Podlaha et al., 1998; McArthur et al., 2000, 2007; 
ullmann et al., 2013a). Congruence between oxygen-
isotope signatures in the juvenile part and the main body 
of the rostrum can be inferred from the very good linear 
fit of the regression line through the partially altered data 
of profile one (Fig. 7, r2 = 0.995). If the growth bands 
representing the earliest life of the specimen carried sig-
nificantly different δ13C and δ18O signatures, a reduction 
of the correlation coefficient and deviation from a binary 
mixing line compatible with the calcite cement would 
appear. It is therefore possible that the individual P. bi-
sulcata studied here only formed growth increments cap-
turing δ18O values significantly lighter than -1 ‰ in the 
late life stage.
4.4.3 Sr/ca ratios
The Sr/Ca ratios from the well-preserved parts of the 
belemnite, (1.39 to 2.20 mmol/mol, n = 324) agree very 
well with the range of Early Toarcian Passaloteuthis sp. 
1.23 – 2.09 mmol/mol (n = 91; see Supplementary In-
formation in ullmann et al., 2014), and with belemnite 
data from the Early Toarcian tenuicostatum Zone in gen-
eral (1.36 ± 0.36 mmol/mol; ullmann et al., 2013b). A 
narrower range of Sr/Ca ratios (between 1.39 and 1.72 
mmol/mol) results when taking only the well-preserved 
parts of the studied profiles into account and excluding 
the data of those parts showing pronounced bending of 
the calcite crystals (Fig. 12). This reduction of variability 
indicates that higher quality estimates for the chemical 
composition of seawater can be derived, when sampling 
of the central volume of the belemnite rostrum is avoid-
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ed. The good match of Sr/Ca ratios and comparatively 
low variability measured for coeval Passaloteuthis sp. 
evidence that belemnite rostra are potentially very valu-
able archives for robust estimates of past seawater Sr/
Ca ratios.
The potential for Sr/Ca ratios in belemnite calcite 
as a subsidiary proxy for palaeotemperature has been 
discussed previously with contrasting conclusions 
(McArthur et al., 2000, 2007; rosales et al., 2004a; Li 
et al., 2012, 2013; ullmann et al., 2013b). Our new data 
from the well-preserved parts of the fossil show a very 
weak correlation between Sr/Ca ratios and δ18O values (r2 
= 0.08). This implies that the Sr/Ca ratios of P. bisulcata 
do not have a meaningful predictive value for estimating 
palaeotemperatures.
4.4.4 Mg/ca ratios
Mg/Ca ratios of all well-preserved samples range 
from 6.8 to 18.1 mmol/mol. Values of >11.3 mmol/mol 
are eliminated from the dataset when samples of calcite 
from the central region showing curved morphologies 
are discounted (Fig. 12). These ranges compare to an 
observed variability of 7.5 to 14.1 mmol/mol in other 
Early Toarcian specimens of Passaloteuthis sp. (See 
Supplementary Information in ullmann et al., 2014). 
Averages for all well-preserved samples observed in the 
present study (8.9 ± 2.8 mmol/mol; 2sd, n = 324) and 
in ullmann et al. (2014) (9.8 ± 2.4 mmol/mol; 2sd, n = 
91) agree within 10 % and show a similar spread of val-
ues. These observations indicate that Mg/Ca ratios in the 
genus Passaloteuthis are incorporated in a predictable 
way, which might eventually enable the reconstruction of 
seawater Mg/Ca using belemnite calcite. Due to missing 
modern analogues for the calcite rostrum proper (Fuchs, 
2012), calibration of distribution coefficients, however, 
will only be possible by comparison with taxa for which 
closely related extant representatives can be studied.
Analogous to Sr/Ca ratios, Mg/Ca ratios in belem-
nite calcite have also been identified as a potential pal-
aeotemperature proxy and also for this elemental ratio 
contrasting conclusions have been drawn (McArthur et 
al., 2000, 2007; rosales et al., 2004a; Li et al., 2012, 
2013). Our data for a single specimen show no significant 
correlation of Mg/Ca ratios with δ18O values, suggesting 
that rather than temperature, factors such as metabolism, 
growth rate and crystal morphology  are responsible for 
the variability observed in the calcite of this rostrum.
5 conclusions
For the first time carbon and oxygen isotope data cou-
pled with element/Ca ratios are presented for multiple, 
complete profiles through a single belemnite rostrum.
Diagenetic alteration is observed for the ventral mar-
gin of the rostrum and the central ~1.5 mm of the profiles, 
representing the apical line and immediate surroundings. 
Diagenetic trends are compatible with cementation of an 
originally porous (up to 40 % porosity) apical zone with 
isotopically depleted calcite.
Both, δ13C and δ18O values are uniform within ~0.5 
‰ in single growth bands and show systematic fluctua-
tions along the geochemical profiles.
Mg/Ca and Sr/Ca ratios are strongly enriched in the 
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well-preserved part of the central 4 mm of each profile 
(up to 70 % and 50 %, respectively). These enrichments 
are here linked to effects of crystal morphology.
Depletions of Mg and enrichments of Sr amounting to 
~15 % in the profile closest to the apex with respect to the 
profile closest to the protoconch are related to enhanced 
rate of calcification towards the apex of the rostrum.
Residual systematic fluctuations of Mg/Ca and Sr/Ca 
throughout the rostrum probably represent metabolically 
controlled changes in the calcifying medium rather than 
changes in either temperature or the composition of am-
bient water.
The potential for the reconstruction of the elemental 
ratios of sea water in deep time from geochemical prox-
ies in belemnite rostra is further documented.
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